Under anaerobic conditions, Saccharomyces cerevisiae uses NADH-dependent glycerol-3-phosphate dehydrogenase (Gpd1p and Gpd2p) to re-oxidize excess NADH, yielding substantial amounts of glycerol. In a vgpd1 vgpd2 double-null mutant, the necessary NAD þ regeneration through glycerol production is no longer possible, and this mutant does not grow under anaerobic conditions. The excess NADH formed can potentially be used to drive other NADH-dependent reactions or pathways. To investigate this possibility, a doublenull mutant was transformed with a heterologous gene (mtlD) from Escherichia coli, coding for NADH-dependent mannitol-1-phosphate dehydrogenase. Expression of this gene in S. cerevisiae should result in NADH oxidation by the NADH-requiring formation of mannitol-1-phosphate from fructose-6-phosphate. The strain was characterized using step-change experiments, in which, during the exponential growth phase, the inlet gas was changed from air to nitrogen. It was found that the mutant produced mannitol only under anaerobic conditions. However, anaerobic growth was not regained, which was probably due to the excessive accumulation of mannitol in the cells.
Introduction
Glycerol is a by-product of considerable importance during the production of ethanol or baker's yeast by Saccharomyces cerevisiae [1] . Glycerol formation under anaerobic conditions is explained by the necessity of regenerating NAD þ for cell growth [2^5] . Amounts of up to 10% of the carbon source may be directed towards glycerol under anaerobic growth conditions [6] . When S. cerevisiae is grown on glucose as the carbon and energy source, NAD þ is reduced to NADH in several anabolic reactions [7] . Although the production of ethanol from glucose in itself is redox neutral, the formation of certain metabolites, like pyruvate, acetaldehyde or acetate, leads to a net production of NADH [5, 8, 9] . To prevent inhibition of the anabolic metabolism, the surplus of NADH formed in anabolic as well as in catabolic reactions needs to be reoxidized to NAD þ . Under aerobic conditions, this occurs by mitochondrial respiration [10^12] . Under anaerobic conditions, however, the electron transport chain is not active and the necessary re-oxidation of cytosolic NADH occurs by NADH-coupled reduction of dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate [3^5,8] . In the mitochondria, the citric acid cycle is still, although only partially, active to provide TCA-cycle intermediates as precursors for biomass building blocks [13, 14] . This activity results in a net formation of NADH in the mitochondrial matrix. The NADH formed in this way is thought to be oxidized by means of an acetaldehyde^ethanol redox shuttle involving the mitochondrial alcohol dehydrogenase Adh3, the result of which is also a net production of NADH in the cytosol [9, 10, 15] . In this way, both cytosolic and mitochondrial excess NADH can lead to glycerol production.
The cytosolic reduction of DHAP to glycerol-3-phosphate is catalyzed by a soluble, NADH-dependent glycerol-3-phosphate dehydrogenase (Gpd) [16] . There are two known isogenes coding for Gpd in S. cerevisiae: GPD1 and GPD2. The former is normally induced by high os-molarity [17^19] and the latter by oxygen depletion [20, 21] . The genes and the gene products can, to a certain extent, functionally replace each other [21, 22] .
In a vgpd1 vgpd2 double-null mutant, NAD þ regeneration through glycerol production is no longer possible, and this mutant is not able to grow anaerobically [212 4] . If an NADH-oxidizing agent like acetaldehyde or acetoin is provided in the medium, anaerobic growth of this mutant becomes possible. The speci¢c growth rate is, however, very low compared to that of the parental strain [21, 23] . The built-up excess NADH under anaerobic conditions could, in principle, be used to drive other NADHdependent reduction reactions. The introduction of a heterologous protein catalyzing an NADH-coupled reaction could provide an alternative redox sink and allow the cell to restore its NADH balance. Hence, anaerobic growth could become possible. Such a mutant strain, transformed with a suitable NADH-dependent reductase, could be used as a catalyst for a selected reduction.
In a previous study [25] , the vgpd1 vgpd2 double-null mutant was transformed with the heterologous XYL1 gene, coding for an enzyme catalyzing the NAD(P)Hcoupled reduction of xylose to xylitol. When xylose was provided as a carbon and energy source, xylitol was produced. However, presumably because of the low a⁄nity of the glucose uptake system in S. cerevisiae for xylose, only very slow anaerobic growth occurred. In the present work, it was investigated if also the reduction of a substrate directly derived from glucose, could function as an alternative redox sink. The vgpd1 vgpd2 double-null mutant was transformed with the Escherichia coli gene mtlD, which codes for a bacterial NAD þ -dependent mannitol-1-phosphate dehydrogenase (D-mannitol-1-phosphate:NAD þ oxidoreductase; EC1.1.1.17). The enzyme MtlD interconverts fructose-6-phosphate and mannitol-1-phosphate [26, 27] . Its normal function in E. coli is to enable assimilation of the carbon and energy source mannitol via the glycolysis in the form of fructose-6-phosphate. This happens at the expense of the conversion of one molecule NAD þ to NADH [26, 28] . In the transformed S. cerevisiae strain, the enzyme would have to catalyze the conversion of fructose-6-phosphate to mannitol-1-phosphate (i.e. the reverse of the normal reaction in E. coli) in order to attain production of mannitol coupled to NAD þ regeneration (Fig. 1) . The E. coli mtlD gene has previously been transformed to both vgpd1 and vgpd1 vgpd2 strains of S. cerevisiae, in order to study the function of mannitol as an osmolytic molecule [29, 30] . It was found that mannitol indeed could act as such and that it, to some extent, replaced the function of glycerol as a protectant against high-salt stress. Although these experiments were done under aerobic conditions, they show that the mtlD gene and its gene product are functional in yeast, and that the subsequent dephosphorylation is performed properly, presumably by an unspeci¢c phosphatase.
The objective of the current work was to investigate the possibility of engineering a vgpd1 vgpd2 double-null mutant strain of S. cerevisiae for mannitol production by expression of the mtlD gene. The physiology of the engineered strain was studied in aerobic^anaerobic stepchange experiments using well-controlled lab-scale bioreactors. In these experiments, the mutant strain and appropriate control strains were ¢rst grown under aerobic conditions until early log phase, after which the aeration was changed to nitrogen gas, yielding anaerobic conditions in the broth.
Materials and methods

Strains
The yeast strains used in this work were derived from the S. cerevisiae strains W303-1a vgpd1: :TRP1 vgpd2 : :URA3 his3-11/15 ade2-1 and W303-1a trp1-1 ura3-1 his3-11/15 ade2-1 described elsewhere [22] .
The following primers were used for polymerase chain reaction (PCR) ampli¢cation of the ADE2 gene from genomic S. cerevisiae DNA: forward 5P-TAT TAG TGA GAA GCC GAG AA-3P and reverse 5P-CGG TTC TGC ATT GAG CCG CC-3P. The ADE2 gene was ampli¢ed following standard PCR protocols. The 1713-bp fragment containing the ADE2 gene was integrated back into the genome of the W303-1a vgpd1: :TRP1 vgpd2: :URA3 his3-11/15 ade2-1 strain by integrative transformation, and the resulting Ade þ strain was used for transformation. The di¡erent strains, their relevant genotypes and short aliases used for further reference in this work are listed in Table 1 .
Plasmids
Plasmid pYX222 : :mtlD is based on the yeast multicopy expression vector pYX222 (RpD Systems Europe Ltd., Abingdon, UK), which carries HIS3 for selection pur- poses. First, the transcription start codon on pYX222 was taken out by digestion with EcoRI and BamHI, followed by Klenow DNA polymerase I ¢ll-up of the 5P sticky ends, and blunt-end self-ligation of the plasmid using T4 DNA ligase. The XhoI^HinDIII fragment, containing the E. coli mtlD gene, from the plasmid pYmtlD (a kind gift from Ann Bartiss and Brian Wong) [29] , was subcloned into the multiple-cloning site of pYX222 digested with the same restriction enzymes. This yielded the plasmid pYX222 : :mtlD with the mtlD gene under the control of a TPI promoter. The double-deletion control strain was transformed with unchanged pYX222 (see Table 1 ). Subcloning was done in E. coli DH5K following standard protocols. Yeast transformation was performed with a standard lithium-acetate procedure.
Media
All cultures were grown on a de¢ned mineral medium [31] containing vitamins [32] , anaerobic growth factors [33] , and a glucose start concentration of 40 g l 31 . For the MtlD þ control strain, auxotrophy factors (adenine, tryptophan and uracil) were added in concentrations of 120 mg l 31 for each factor needed. The anaerobic growth factors ergosterol and Tween 0 80 were added, although these medium components were not necessary for enabling anaerobic yeast growth due to the aerobic overture of the described experiments [33, 34] .
Experimental equipment and cultivation procedures
Inoculum cultures were grown for approximately 48 h in Erlenmeyer £asks at 30 ‡C, and 50^100 ml of pre-culture was transferred to the reactor. Cultures were grown aerobically up to an estimated culture dry-weight concentration of roughly 1 g l 31 . Then the inlet gas £ow was changed from air to nitrogen gas (certi¢ed 6 5 ppm O 2 ), yielding anaerobic conditions in the broth.
All cultures were grown in a 2-l bioreactor (Biostat A, B. Braun Biotech, Melsungen, Germany). Oxygen-impermeable PharMed 0 tubing (Norton Performance Plastic Co., Akron, OH, USA) was used throughout. During the experiments, temperature (30 ‡C) and agitation rate (500 rpm) were kept constant; pH 5 was kept by controlled addition of 2 M NaOH; gas £ow rate was kept at 1000 ml min 31 using a mass-£ow controller. The initial broth volume was 2.0 l.
Analyses
Optical density (V = 610 nm) of the culture was measured on-line using an adapted version of the £ow injection analysis system described earlier [23] . The maximum value of the elution signal for each sample was linearly correlated to the biomass concentration, calibrated by the culture dry weight. With regular intervals, culture dry weight was determined gravimetrically in duplo on 5-ml culture samples, after centrifuging and drying at 105 ‡C for 24^36 h.
Concentrations of CO 2 and O 2 in the outlet gas £ow were measured on-line using an acoustic gas monitor (Fast Response Triple-Gas 1311, Innova Air Tech Instruments, Ballerup, Denmark) [35] . The carbon-dioxide evolution rate (CER) was calculated by inert-gas balancing [36] . Metabolite concentrations were determined by o¡-line high-pressure liquid chromatography (HPLC) analysis as described earlier [37] , using an Aminex HPX-87P column (Bio-Rad, Hercules, CA, USA) for determination of mannitol, and an Aminex HPX-87H column for all other metabolites reported, CO 2 excluded.
The intracellular mannitol content was determined by two di¡erent methods: (1) Duplicate samples were centrifuged (3000Ug, 5 min); pellets were washed twice with 0.9% (w/v) NaCl solution and stored at 370 ‡C until analyzed. Upon analysis, samples were thawed on ice, diluted to a dry-weight concentration of 5 g l 31 with 0.9% NaCl. 0.8 ml of this cell suspension was disrupted under the following conditions: 0.6 ml of 0.5^0.75-mm diameter glass beads, vigorous shaking for 20 min at 95% of the maximal amplitude in an MM2000 mill (Retsch GmbH, Haan, Germany). Cell debris was removed by centrifugation (4 ‡C, 20 000Ug, 10 min) and the supernatant was analyzed directly on HPLC. (2) Cells from duplicate samples of 20^30 ml cell suspension taken directly from the broth were collected by vacuum ¢ltration through a prewetted ¢lter paper and washed twice with sterile, de-ionized water to remove extracellular mannitol. Filters were immediately frozen in liquid nitrogen and stored at 370 ‡C until analyzed. Upon analysis, each ¢lter paper was boiled in 2 ml of sterile de-ionized water for 10 min. After cooling on ice, the ¢lter paper was removed, the remaining liquid ¢ltered (2 Wm pore size) and the ¢ltrate analyzed on HPLC. Both methods gave comparable results ; data obtained by one method are shown.
Intracellular mannitol-1-phosphate content was determined as follows : duplicate samples were centrifuged (3000Ug, 5 min) and washed twice with 0.9% (w/v) NaCl. Samples were stored at 370 ‡C until analyzed. Upon analysis, samples were thawed on ice, diluted to a biomass dryweight concentration of 4 g l 31 with 0.1 M glycine bu¡er (pH 10.0). A volume of 0.8 ml of this cell suspension was disrupted under the following conditions: 0.6 ml of 0.50 .75-mm diameter glass beads, vigorous shaking for 20 min at 95% of the maximal amplitude in an MM2000 mill (Retsch GmbH, Haan, Germany). Cell debris was removed by centrifugation (4 ‡C, 20 000Ug, 10 min). To the supernatant, 5 Wl of a 450 U ml 31 solution of alkaline phosphatase (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was added. Samples were incubated (37 ‡C, 10 min). After de-activation of the enzyme, samples were analyzed for mannitol content by HPLC. The intracellular mannitol content was measured separately (see above), and the intracellular content of mannitol-1-P was determined from the di¡erence between the two measurements.
NAD + :NADH balances
For the calculation of NAD þ :NADH balances, the following assumptions were made. One C-mol biomass of S. cerevisiae was approximated as CH 1:62 O 0:47 N 0:21 with an ash content of 8.86% [7] , yielding a molar weight of 26.44 g C-mol 31 . The yields of NADH for the formation of di¡erent metabolites measured in this study are given in Table 2 . The NADH production due to amino and nucleic acid synthesis was taken from Albers et al. [38] . Production of lipids normally also generates NADH [40, 41] , but because ergosterol and the unsaturated fatty acid precursor were provided in the medium, it was assumed that no net NADH was generated for this purpose. Because of ambiguity due to dual cofactor speci¢city for several enzymes and redundancy in possible metabolic pathways, it is generally only possible to give a range of the value for NADH formation [38] .
Results
Growth and metabolite production
For each strain, two separate step-change experiments were performed, but the results for only one of the duplicate experiments per strain are shown here. The on-line spectroscopic method used to determine biomass concentration is an indirect method and the exact biomass concentration at the time of the step change had to be calculated afterwards. For this reason, the cell concentration at the time point of the step change varied somewhat between (duplicate) experiments, while the experiments were qualitatively well reproduced.
The Gpd 3 MtlD þ mutant strain is genetically engineered to be able to produce mannitol, but it cannot produce glycerol. This strain produced substantial amounts of mannitol only under anaerobic conditions, whereas under aerobic conditions almost no mannitol was found ( Fig.  2A) . A sharp increase in its production rate was seen directly after the step change. No glycerol could be detected. After the step change to anaerobicity the CER decreased abruptly, indicating that metabolic activity ceased, and cell growth stopped. At the same time, glucose consumption and ethanol production stopped (Fig. 2B) . Cultures that had been exposed to anaerobicity for several hours resumed growth after a short lag phase if the inlet nitrogen gas was exchanged for normal air again (results not shown). This indicated that, despite the growth arrest, a considerable fraction of the cell culture remained viable under anaerobic conditions. 
Fig. 2. A, B, C:
Step-change experiment with the Gpd 3 MtlD þ mutant strain. At t = 30.0 h, the aeration was changed from air to nitrogen gas, yielding anaerobic conditions in the broth. Black line, CO 2 evolution rate; gray line, O 2 fraction in the outgoing gas £ow, and concentrations of (a) mannitol, (E) glucose, (O) ethanol, (7) biomass dry weight, (R) succinate, (b) acetate and (8) pyruvate.
The MtlD þ control strain has an unimpaired glycerol metabolism, but is genetically also able to produce mannitol. This strain was able to grow anaerobically, and glucose was consumed in a normal, fermentative way, also indicated by the time course of the CER (Fig. 3A and B) . In this case, substantial amounts (up to 2.7 g l 31 ) of glycerol were produced. Production of mannitol only occurred towards the very end of the fermentation. In the MtlD þ control strain there is competition between the enzymes Gpd and MtlD for excess NADH formed. As is clear from the high amounts of glycerol compared to mannitol produced by this strain, Gpd is the preferred enzyme.
The double-deletion control strain, which can produce neither glycerol nor mannitol, also stopped growing after the step change to anaerobicity (Fig. 4B) , just like its mannitol-producing counterpart. The decreases in CER after the step change were similar for the two glycerolimpaired mutants ( Figs. 2A and 4A ). The double-deletion control strain did not produce mannitol, but produced very small amounts of glycerol (Fig. 4A) . It has been observed before that a vgpd1 vgpd2 double-null mutant may produce trace amounts of glycerol under microaerobic and anaerobic conditions, probably due to unspeci¢c reduction reactions [22, 25] .
Intracellular mannitol
The intracellular concentration of mannitol for the Gpd 3 MtlD þ mutant increased sharply after the step change (Fig. 5) . Up to 0.07 g g 31 (dry weight) of intracellular mannitol was measured. After some hours it decreased again whereas the extracellular mannitol concentration increased continuously.
Analysis of intracellular mannitol-1-P content, measured as the increase in mannitol content of samples treated with phosphatase, indicated presence of only very low amounts of mannitol-1-P compared to the intracellular mannitol content. Hence, it appears unlikely that mannitol-1-P accumulated to any signi¢cant extent.
Cell morphology
Mannitol is known to be able to act as a compatible solute (or osmolyte) in S. cerevisiae, i.e. it can protect the cell against high-osmolarity stress [29, 30] . This is normally one of the main functions of glycerol [42] . Production of a compatible solute diminishes the detrimental e¡ects of the excessive out£ow of water, which would occur in a medium with a high osmolarity. However, surplus intracellular production of osmolytes will cause in£ux of water, Step-change experiment with the MtlD þ control strain.
At t = 34.9 h, the aeration was changed from air to nitrogen gas, yielding anaerobic conditions in the broth. Black line, CO 2 evolution rate; gray line, O 2 fraction in the outgoing gas £ow, and concentrations of (a) mannitol, (F) glycerol, (E) glucose, (O) ethanol, (7) biomass dry weight, (R) succinate, (b) acetate and (8) pyruvate. Step-change experiment with the double-deletion control strain. At t = 24.2 h, the aeration was changed from air to nitrogen gas, yielding anaerobic conditions in the broth. Black line, CO 2 evolution rate; gray line, O 2 fraction in the outgoing gas £ow, and concentrations of (F) glycerol, (E) glucose, (O) ethanol, (7) biomass dry weight, (R) succinate, (b) acetate and (8) pyruvate.
increase turgor pressure and promote cell swelling. In the basal medium used in these experiments, which had a physiological osmolarity (ca. 0.45 osmol l 31 ), the Gpd 3 MtlD þ mutant cells swelled dramatically when producing mannitol (Fig. 6) , and their vacuoles occupied nearly the entire enlarged cell volume. From comparing the morphologies of the Gpd 3 MtlD þ mutant and a control vgpd1 vgpd2 mutant, the swelling seems to be due to the production of mannitol rather than to the absence of glycerol production.
Discussion
Mannitol production
We have genetically engineered a glycerol-defective strain of S. cerevisiae in such a way that it, instead of glycerol, produced mannitol, and we have shown that a redox imbalance is the driving force for mannitol formation in this mutant. Under conditions where cells did not experience an NADH imbalance, i.e. under aerobic conditions or if an unimpaired glycerol metabolism was present, mannitol was only produced in very low amounts.
Only when both these possibilities to regenerate NAD þ were absent, substantial amounts of mannitol were formed.
NADH balances
The obtained concentrations of produced mannitol in this study were a factor 10 higher than previously reported for glycerol-defective mutant strains of S. cerevisiae. Chaturvedi et al. [29] have reported a maximal concentration of 0.044 g l 31 for the osmosensitive, glycerol-defective S. cerevisiae strain UTL7-AG3 osg1-1 (a gpd1 mutant [18] ). Shen et al. [30] , who used a di¡erent W303-1A vgpd1 vgpd2 double-null mutant strain [21] , have found 0.054 g l 31 of mannitol for mtlD-transformed cells grown under non-stress conditions, and a total of 0.062 g l 31 intra-and extracellular mannitol for cells under salt stress. In the present study, extracellular concentrations of up to 0.33 Table 3 Literature values for yields of NADH generated in anabolic metabolism Calculated from [38] biomass composition c 12.2^14.9 anaerobic, batch Calculated from [9] glycerol yield and biomass composition Calculated from [7] glycerol yield 8.6^14.3 anaerobic, batch Calculated from [24] glycerol yield 10.4^11.3 anaerobic, batch Calculated from [43] e glycerol yield 6.4^8.1 anaerobic, batch This study f glycerol yield 9.0^9.9 anaerobic, 'batch', step change a Y NADH=X values based on glycerol yields were corrected for the organic acid synthesis reported in the respective reference. b Biomass is de¢ned as 47% protein, 7% RNA, 5% ash, no fatty acid synthesis, amino and nucleic acid composition according to [40] . c Biomass is de¢ned as 63% protein, 7% RNA, 8.86% ash, no fatty acid synthesis, amino acid composition determined experimentally, nucleic acid composition according to [40] . The GOGAT enzyme was assumed to be inactive [44] . d Biomass is de¢ned as 45.0% protein, 6.3% RNA, 5.0% ash, 2.9% fatty acid, amino and nucleic acid composition calculated. e Auxotrophic strain (¢ve auxotrophies). f Auxotrophic strain (three auxotrophies), expressing a heterologous dehydrogenase. h, aeration was changed from air to nitrogen gas, yielding anaerobic conditions in the broth.
g l 31 of mannitol were observed (Fig. 2) . This value somewhat increased when extending the duration of the anaerobic part of the experiment, most probably due to passive leakage and progressive cell disruption (results not shown).
The Gpd 3 MtlD þ mutant did not grow in a batch fermentation with anaerobic conditions already prevailing from the start of the fermentation (i.e. without a step change from aerobicity to anaerobicity) (results not shown). This is in agreement with similar experiments with vgpd1 vgpd2 double-null mutants [21, 24] . During an aerobic batch fermentation, the maximum speci¢c growth rate (W max ) of the Gpd [23] .
Since anaerobic batch fermentation did not result in cell growth, step-change experiments were performed to determine whether a critical amount of biomass at the time of the anaerobic switch could promote anaerobic growth of the Gpd 3 MtlD þ mutant. A slow increase in biomass, as well as a slow decrease in glucose concentration after the step change were observed in such an experiment (Fig.  2B) . However, growth rate and biomass yield were very low, and were not comparable to those reported for an anaerobic batch fermentation with an isogenic strain with unimpaired glycerol metabolism (W max = 0.31 h 31 and Y X=S = 0.11 g g 31 ) [43] , or to those of the MtlD þ control strain after the step change (W max = 0.13 h 31 and Y X=S = 0.08 g g 31 ) (Fig. 3B) . From the amounts of glycerol and mannitol (Fig. 3A , Table 2 ) and the di¡erent organic acids (Fig. 3C, Table 2 ) produced by the MtlD þ control strain anaerobically, one can estimate the amount of mannitol that has to be produced by the Gpd 3 MtlD þ strain in order to sustain anaerobic growth. In the current step-change experiment, the MtlD þ control strain had, under anaerobic conditions, a speci¢c NADH yield (Y NADH=X (mmol NADH per g biomass dry weight)) of about 9.0^9.9 mmol g 31 under the assumptions mentioned in Section 2.6 and Table 2 . This Y NADH=X is only slightly lower than most literature values (see Table 3 ). However, it is somewhat below the theoretical range of 12.2^14.9 mmol (g 31 biomass) given by Albers et al. [38] (see Table 3 ). This di¡erence can partly be explained by the auxotrophies for adenine, uracil and tryptophan in the MtlD þ control strain, which all generate NADH in their biosynthesis.
If the (prototrophic) Gpd 3 MtlD þ strain would have the same Y NADH=X as the MtlD þ control strain, a formation of 9.0^9.9 mmol of mannitol per g biomass would be required to balance NADH formation and thereby allow sustained growth. If it is furthermore assumed that the two strains also have the same anaerobic Y X=S (0.089 Cmol biomass C-mol 31 glucose = 0.078 g g 31 ) , then this would correspond to a capacity to produce 0.13^0.14 C-mol mannitol C-mol 31 glucose . However, for every C-mol mannitol produced, one C-mol glucose is used without generating biomass. Therefore, the yield of mannitol on glucose (Y P=S ) necessary to support anaerobic growth is slightly lower (0.11^0.12 C-mol mannitol C-mol 31 glucose ). The observed Y P=S for the Gpd 3 MtlD þ strain is 0.083 C-mol C-mol 31 , which indicates that the full capacity for production of mannitol is only partially exploited. Most likely, the small increase in cell mass, which occurred during a short period directly after the step change, was not due to balanced growth (Fig. 2B ).
Intracellular accumulation of mannitol
If it is assumed that mannitol is produced only when biomass (and thus excess NADH) is formed, it follows that all mannitol was produced within 2^3 h after the step change. Only during that period, there was a slight biomass increase for the Gpd 3 MtlD þ mutant strain (Fig.  2B) . Because S. cerevisiae is generally not able to (rapidly) transport mannitol [45^47], the extracellular mannitol reported for the Gpd 3 MtlD þ strain can be assumed to have Table 4 Concentrations of mannitol in mM (see Fig. 5 Intracellular values are the means for two measurements þ deviation. a Intracellular concentrations can be (arbitrarily) corrected for the increase in cell volume the cells experience due to the intracellular mannitol (Fig. 6 ).
If it is assumed that normal cells have a speci¢c volume of 2 ml g 31 , that cells are spherical and that the increase in diameter can be coupled to increase in volume through 4/3 ZWr 3 , the speci¢c volume of the swollen cells becomes ca. 22 ml g 31 . Even these corrected intracellular concentrations are still roughly a factor 10 higher than the extracellular ones. b Single determination. left the cell by (slow) passive and/or facilitated di¡usion and through cell disruption. The fraction of the total mannitol which resided inside the cells decreased from 49% down to 18% in not less than 10 h after the step change (Fig. 5, Table 4 ). Furthermore, there were considerable concentration di¡erences between the intra-and the extracellular environment (Table 4) . Therefore it is likely that mannitol accumulated inside the cells.
Mannitol is known to act as an osmolyte in micro-algae [48] and plants [49] . Mannitol apparently has this function also in mtlD-transformed S. cerevisiae [29, 30] . The remarkable increase in cell volume following anaerobic incubation, witnessed for Gpd 3 MtlD þ mutant cells in the present study, may be explained by the osmotic e¡ect of the intracellular, accumulated mannitol. It is likely that the increased intracellular osmolarity led water to enter the cells from the more dilute external solution. As a consequence, the cells, unable to keep the water from £owing in, swelled dramatically (Fig. 6 ).
Conclusion
In conclusion, the present work has demonstrated that mannitol is produced under anaerobic conditions by a glycerol-defective mutant of S. cerevisiae expressing the mtlD gene. Although mannitol production in such a mutant strain should solve the occurring redox problems, it probably causes osmotic problems instead, leading to cessation of growth under anaerobic conditions. Improving e¥ux of the formed mannitol seems therefore necessary in order to obtain anaerobic growth and a sustained mannitol production. A suitable way to obtain this could be the functional expression of a heterologous membrane protein capable of facilitating transport of mannitol. Further modi¢cations of the (redox) metabolism are also necessary in order to increase the mannitol yield above 0.12 C-mol C-mol 31 glucose .
